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Table 1 shows the first three nodes of vibration calculated by the

NASTRAN finite element model. Both the freely-slipping and the fully

restrained, or ring shroud , boundary condition analytical results are

given . Also shown are existing test data which reflect a blade with a

normal shroud load that causes a 450 in.-lb untwist moment to simulate

engine operating conditions. The second mode of vibration during the

test was the above-shroud-torsion mode. This indicated that at this

shroud load during previous testing, the blade acted in a manner similar

to the analytical blade with a ring shroud . A comparison between the

natural frequencies of the existing test data and the analytical predic-
• tion showed the frequencie3 agreed . This indicated that the analytical

finite element model adequately represented the actual blade.

I t ;
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SECTION IV

TASK I I I

TEST PROCEDURES AND HARDWAR E

DEFINITION AND PROCUREMENT

•-\ . GENERAL

Task Ill provided for the establishment of testing procedures and

testing hardware definition and procurement. Using three YF100(I) fan
‘

7~

. blades with trailing edge shrouds, test parameters such as frequency,

amplitude , and level of shroud constraint loads were defined . The appli-

cation of sensors were defined , methods of applying shroud load con-

straints were determined , and procedures for calibrating instrumentation

and cond uct ing tes ts were establ ished .

B. SHROUD LOAD DISTRIBUTIONS

The elastic shear load distribution r c l a t i ve  to the frictional

shear loads generated at the shroud interface determines the amount of

sli ppage which occurs at the shroud interface. To determine the fric-

tional shear loads along the shroud , the normal load distribution is

requi red .

Fi gure 9 is a di agram of the shroud loading devi ce used in the

laboratory testing . The fixture consists of two d evises constrainted

to move in a straight line. Each clevis supports a load p la ten which
bears against the shroud face. As the d evises are moved forward , the

load platens are allowed to rotate as they translate. Thus, as the

blad e ro tates and deflects under shroud loads , the load platen is held
n contact with the shroud face.

The load distribution under test conditions was analytically dcter-

mined hy performirj~ a s t a t i c  N \ S 1 RAN ana lys is  of the b lade .  The b lade

was restrained from notion at the attachment . The grid points along

each of the shroud faces were connected with a rigid element (a multiple-

point constraint equation).

-~ unit d tlc ct ~on norma l to the shroud face was applied at the cen-

ter of each r~ roud and the reaction i - ea t ~i red to cause the d i  ~p 1 acr~rrn  t

calculut c’d • ~h i s  ‘- -~~ -t ion was u~ ed to n~~r ire the  load at ea~ h L• r~ d

16
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Figure 9. Shroud Loading Device

point on the blade shroud face yieiding the normal load distribut i on .
Figure 10 illustrates the normal load distribution along the trailing
edge shroud interface for the laboratory test conditions. Because the

fr ic t ion force is propor t ional to the norma l load , the load distribu tion
shown in Fi gure 10 indica tes tha t the fr ic t ion force w i l l  be maximum at
the center and minimum at the edges of the shroud .

N. 
~~~~~1 1

Percen t of~
3

Total Load Where :
.2

~~,
,/” ” 44s4

~~ 
N~~~= Lo ad at Grid

N — Total Load at Shroud
0 . . . j = Length of Shroud Face
0 .2 .4 .6 .8 1.0

x = Positjon on Shroudx/ J
Position Along Shroud Face

Fi~ ire 10. Normal Shroud Load Distribution 
- - •
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Further st u d y  considered the relationship of the shroud to the ai~- -

foi l. Because the midchor-J shroud face is in close proximity to the m id-

cho rd of the a i r f o i l , there is a greater potential for interaction twci n

it and the airic fl than between the trailin g edge shroud f ac e  and the air-

fo i l . A f i n i t e  element ana lys i s  was conducted to s tudy t h e  e f fe~~ s on

shro ud lo ads caused  by airfoil-shroud interac tion .

To simulate the rigid test loading blocks , the grid points along

the shroud faces were constrained by multiple point constraint equations

to def lec t and rotat e as a r i gid body. A separate set of equations x~ts

developed for each of the two shrouded faces. A unit compressive load

normal to the interface was simultaneousl y app lied to the center of each

of the shroud faces. Two sets of airfoil boundary conditions were con-

sidered . The first set of boundary conditions consisted of restraining

the airfoil at the intersection with the shroud . These restrained air-

foil  grid points are indicated by points 104 through 108 in Figure 11.

The second set consis ted of restraining the airfoil at its root from all

motion , allowing the entire blade to deform. The analysis yielded the

resultant grid point forces along each of the shroud faces, thus giving

the load distribution across each of the shroud faces for the two boundary

conditions .

Fi gure 12 illustrates the distribution of the total applied unit
load to the shroud faces with the airfoil restrained at the shroud- airfixl

junction . This pattern of grid poin t loads yields an essentially unifo rm

compressive stress field adjacent to the shroud faces. Restraining the

airfoil at the blade root and allowing the entire shroud and airfoil to

deform had little effect on the load distribution of the shroud face

nearest the airfoii trailing edge , as shown in Fi gure 13. However , tii e

mid cho rd shroud face , being closer to the airfoil , is materi al l y affected

by the i ut c ~ c t on c ~ ecn t i e  a i rfo ii and t be shreud Thus , the b c - i t ion

of the shroud rd j
~ e to the a to I can great ly alter the shroud  iec~

dist r ib ution and ‘• ‘ result ant pc itcn tial for shroud slippage . The nor—

m a t  joad di~ t ritiut ; -  a i ~iu ~ t rated in Figure 13 was used for the analytical

determination ot -~b r o u J sbc:t~ loads.

• I,
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during blade testing. the effect of the coefficient of friction on the

shroud slip is illustrated in Figure 28. ihis curve represents the

blade subjected to a 2g e x c i t a t io n .
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Figure 27. Analytical Predict ion of the Ef fec t  of Normal Shroud
Load on Shroud l~ terfacc Mot ion:
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Coefficient of Friction

Fi gure 28. The Effect of Coefficient of Friction on Shroud Interface Motion

c. Shroud Loads

The expression for the shear loads at the shrouds was developed ~iy

considering the relation between a sing le po int on the shroud with the

re fe rence  p a i n t  on the  b l ade .  I l i e  r eferen t’ p o in t  on t ime  b l ad e  is  a

poin t ;mt the cent -r of tue h i a d - shroud junction . Fitturo 9 ill u trates

the genera l fo r - ;  ot  the load over :m cycle. The load is exp r essed  hr

a discontinuous f u n c t i o n  over t he  complete cy cle. For the  st en d y - c t a v e

resp iuse of the h m ~l~’ the cycle i s - a rbi t rar i l y started at t i m e  t 
~~
. The

46
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shroud is “stuck” over the portion of the cycle denoted by the time in-

terval t~~. The four expressions used to describe the shroud load over

the cycle are :

F~ _ t i N _ KU [COS(ut4)_ l]

F~~’ = ~iN

F~
’1 = uN _ K tJ [Cos(ot_~P )+ l ]  l p + ~~ < w t < m p + r + u t *

= -uN

Where:

~m = coeff ic ien t of f r ic tion

N = normal shroud load at point “i”

K = stiffness of shroud point “i” relative to the
blade  reference - point

= frequency

t = t ime

Li = blade reference  point  motion .

By equa t ing  the express ions  for the shroud load at t he  p o in t  w h i c h

an elastic load ends and slip starts , an expression for wt* may be de-

fined at

F 1 
—

~UN KU [COs(u~ *) 1]~~~ N

Wt* = CoS _ l [l 
~~~~~~
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Force

H EMN — Reference Point
Displacement

~ t 1

-MN — 
Shroud Force

H 

—2t_____

= Stick or Elastic Portion of Cycle

Fi gure 29. Local Shroud Force for St ick-Slip Condition

As the rat io ~~~~
- (the ratio of Coulomb friction load to elastic load)

approaches un ity the magnitude of ut* approaches ,r. Thus at values of

the ratio 
~~
j- ~ 1, the shear load at the shroud point under study is

elastic . As the ratio is reduced from unity, slip occurs over an in-

creasing portion of the cycle.

In order to use the shroud load expression in a forced response

- - analysis , the general discontinuous expression is represented by a

Fourier Series .

Where:
0 1) ~

= 7__ + 
~~1 (& 0Cosnwt 4 h Sinnut ) .

I t  can be shown t 1o~t o n l y  odd t e r m s  cAist  and that :

a0 = 0

= - :!~Sin(wt *) +~~‘~tSjfl(wtk) 
_
~~ {wtk +hjSin2wt*1

33 = - in w t * ) +~~~Sin ( 3u t ) 
~~~

- in2wt ’} _
~~~~

1S i n 4 w t }
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a = ~~~ 2Sin ( 5wt *) +~~~Sin5u t* _ _
~~Sin4ut* ~~Sin6ut*5 5,r Sr 4r 6r

~u r  1 1 B -,

b = ~~L 1+ co~~t*i 4 Ll~~
0swt*i ~~ Sjfl ut”

= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

+~~~~~— [ s ~~~~~*~ _i]

b5 = -~~~~~ ~l+Cos5ut*] +~~~ -~~ [l _Cos5mot*] +~~~~~_ [Cos(4ut *)_l]

÷~~~~[Cos(~~~t * )_ l ]

Where:

A = [KU~uNJ 

)PN 1
= Cos

The Fourier Series expression evaluated at a ratio of uN/KU equal

to unity degenerates to the simple elastic harmonic expression as shown

in Figure 30. Figure 31 illustrates the original shroud load curve cviii-

uated at a ratio of ‘tiN/KU = ½ . This represents the cond it ion of s l i p
over 50% of the cycle. Shown relative to the ori g in al curve are the

results of evaluating the Fourier Series using the first three harmonic s

for this condition and also the results of using only the first harmonic

in the load evaluation . The result of using the first three harmonics

in d e f i n i n g  the  load matches  the o r ig ina l  curve very c lose ly .  The use

of only the first harnonic results in a small variation between the

load ing curves. The extreme conditions with slip over 80% of the cycle

is illustrated in Figure 32. This figure shows tha t the use of only
the first terms in the Fourier Series load definition closely matches

the ori ginal curve . The two curves deviate by 8%. As the amount of slip

over the cycle  dec reases , that is as the ratio of uN / KU approaches unity,
the deviation diminishes between the ori ginal curve and the load definition

ba sed on o n l y  the  f i r s t  h a r m o n i c  from the Four ier  Series  d e f i n i t i o n  of

the load . At the po int of no sli p the expressions match. The analysis

of the blad e was conducted using the first harmonic from the Fourier

Series e x p r ess i o n  of the  shroud b a .
49
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d. Blade Analysis

A forced response steady-state analysis was conducted using the

NASTRAN finite element computer program. (The mathematical model used

for the analysis was shown in Figure 2.) The blade was subjected to a

base excitation at the root a t tachment  and the shear loads were presc r i bed

al ong the shroud faces . The shroud shear loads , both in-piano and out of

the shroud plane , were determined using the first harmonic of the Fourier

Series expression for the shroud loads. Five grid points along each of

the shroud faces were defined in the model which allowed the shear load

variat ion to be included in the analysis. Since the shroud loads are a

function of the blade motion , an iterative solution was required to solve

the blade response problem (Figure 26) . The rate of convergence of the

i te ra t ion  scheme is i l lus t ra ted  for two d i f f e r en t  analyses in Figure 33.

The lower curve represents the blade in a micro-s l ip  or stick-slip cond i-

tion . The upper curve i l lus t ra tes  the solution converg ing to a blade
with a stuck or fixed shroud .

The effect of changing the coefficient of friction on the solution

is presen t ed in Figure 28. For the case of 2g ’ s base exc i tat ion , a

shroud norma l load of 234 lb . and the coefficient of friction equal to
0 . 8 , Fi gure 28 predicts that the shrouds do not sli p. The blade was

analyzed under the above conditions first with the shrouds restrained

from sl iding and a second time with shroud shear loads calculated using

a coef f ic ien t of f ri~ tion equal to 0.8. Figure 33 shows that the iterative

solu ti on wi th a hi gh coeff icien t of f r ic t ion converges to the sol ut ion
of the  b l ade  wi th  f ixed shrouds a f te r  f i v e  i t e ra t ions .  This  agrees w i t h

the predict ion of a non-slip response solution of Figure 28. Figure 33

also illustrates that with slip occurring, represen ted by the lower
response curve , the energy dissipation of the shroud loading results in a

lower t ip response for the blade subjected to the same base excitat i on .
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C. COMPARISON OF ANAL Y TICAL DATA TO TEST DATA

A comparison of anal y t i ca l  and test  data generated for the blade

under s i m i l a r  condit ions shows good agreement , ( F i g u r e  34) .  The con~li-

tion s illustrated are for the b lade  w i t h  local s u p  occurr i ng d u r i n g

th e  cyc le .  ‘I he blade response for the  other  c o n d i t i o n s  tes ted are  i l l u -

strated in Figure 35. The complete test results are presented in the

• appendix.
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CONC LUS IONS/R F COMM ENDA TI ONS

Laboratory t e s t i n g  of the YF~ O 0 ( I )  fan bl ade wi th a tr ai l i ng  ed ge
shroud examined the  fu l l  range of shroud boundary conditions from f ixed

to freely slipping . Comparison between the test data and the ana ly t i ca l

prediction of fr eu u e n c i e s  and mode shapes for free and f ixed blade shrouds

showed good agreement . I t  was also demonstrated that  frequency change

- caused by the presence of ins t rumenta t ion  was n e g l i g i b l e .

The steady-state forced response ana lys i s  of a shrouded blade w i t h  -

shrouds that slip over a large portion of the  cycle required a non-linear

solut ion. The use of an i t e ra tive  selution scheme to solve the non-linear

problem based on the NASTRAN computer program proved to be unwieldly.

An internal modif icat ion of NASTRAN to recalculate  the shroud loads- after

ca -h it e ra t ion  in the solution scheme or a special purpose program is

required to use t h i s  solution nethod as a practical design tool.  The 
-

analysis  of the blade was conducted using onl y the f i rs t  harmonic terms

of the ma themat i ca l  de f in i t ion  of the  shear load at the shroud faces .

This ana lysis r e s u l t e d  in a blade response that matched the test data

generated for the blade .

Comparisons of the  analysis  and test data for the shrouded blade

v ibra t ing  in the f i r s t  mode w i t h  microsl i p at the shroud faces demonstrated

that only small changes in frequency and mode shape occurred . For this

condit ion , the present l inear  method of analys is , which considers the

shroud as a cont inuous r ing , is aL quate.

Analys is  of the fan blad e under the freely slipp ing boundary condi-

tion was inconclusive due to the nonrepeatability of the test data. As

the fan blade started to s l ide  at the shroud interfaces, the appl ied

load normal to the shroud face was relieved . Also , associated wi th  gross

sl i~ piiig , i m a t e r L a ~ t r o n s f c r  occu r -r ed  between the shrouds aod the test

fixt are. The resultant changes in the shroud boundary conditions after

gross s l i p had occurred negated  test repeatability at the given sFrood

loads and input excitations. In order to evaluate this condition , a

more sop histicat ed experimental approach would be required . A f u l l  s t age

of fan bla d es ~ c-ld have to Le t t  ste d  in a rc ’~ i r~g e:i’’ i r o or—c r ,t w~ th

appropriate c Ip ;lh il ity to m o d i f y  - hroiid loads and measure -r-sponsr .
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APPENDIX

TEST RESULTS

‘~h~ ~~~~ data generated during Task IV of the Fan Blade 5~~~Thg

Analysis Program is included in this section. Tables Al through A5

present the stress output and accelerometer readings generated while

testing the fan blade in the first bending mode with the shroud normal

load held at 200 lb . 234 ib , 280 lb . 330 lb and 400 lb. respectively.

The location of the strain gages and accelerometers was presented in

Figure 14 , Section IV. When the first mode is excited strain gage “B”

is the only gage which yields a significant value . Therefore only the

results from this strain gage appears in tables Al through AS. The

accelerometer output presented in the tables consists of the magnitude

expressed in g ’s and the phase angle in degrees relative to the input

excitation .

Figure Al presents the bench test frequencies of the three blades

used for the program and an indication of the mode shape of the blade.

The tabular data are for blade Serial Number 3183.

Figures A2 through A6 illustrate the blade response of blade Serial

Number 3183 as recorded by accelerometer number one . The curves present

the tip response of the blade versus excitation frequency at different

levels of input excitation for a fixed shroud normal load .
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I~t Mode 2nd Mode 3rd Mode

Holography

T

S/N
3183 391 Hz 1003 Hz 1318 Hz
3177 367 HZ 992 Hz 1385 Hz
2751 363 Hz 1018 Hz

1st Mode 2nd Mode 3rd Mode
Shaker Table

I

S/N
4 

3183 387 Hz 1003 HZ 1270 Hz
3177 368 Hz 996 Hz 1295 Hz
2751 383 Hz 1044 Hz 1287 Hz

Figure 36. Blade Mode Shapes and Frequency from Bench Testing With
Shrouds Restrained at 234 lb
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